Introduction
COPD is characterized by airflow limitation and persistent respiratory symptoms, the most common symptoms being dyspnea, cough, and sputum production. 1 An estimated 15.7 million American adults have been diagnosed with COPD, 2 and the disease is the third leading cause of death in the US. 3 Patients with COPD have a considerably reduced quality of life, [4] [5] [6] and the disease limits an individual's ability to work, exercise, and participate in everyday social activities. 4, 5 Treatment of COPD with bronchodilator therapy is a key approach to disease management and can reduce symptoms, improve health status, and may reduce the frequency and severity of exacerbations. 1 Current treatment paradigms include the use of a long-acting muscarinic antagonist (LAMA) as initial maintenance therapy for patients with low exacerbation risk, but high burden of symptoms. 1 LAMAs are preferred to long-acting beta 2 -agonists (LABAs) in these cases due to reduced risk of exacerbation. 7, 8 An increase in exacerbation risk or symptom burden may warrant an escalation in treatment, for example, to a combination of a LAMA with a LABA or LABA/inhaled corticosteroid (ICS). 1 The availability of a range of LAMA mono-and combination therapies enables clinicians to personalize a patient's treatment over their COPD disease continuum. Patients at risk of frequent exacerbations may benefit from "triple therapy," which can be achieved by combining LAMA with a separately dosed LABA/ICS. 9 On the basis of the Phase III GOLDEN studies, the US Food and Drug Administration (FDA) approved GLY (LONHALA ® , Sunovion Pharmaceuticals Inc., Marlborough, MA, USA; 25 µg twice daily [BID] ), delivered by the innovative eFlow ® Closed System (CS) nebulizer (MAGNAIR ® , PARI Pharma GmbH, Starnberg, Germany), for the longterm maintenance treatment of airflow obstruction in patients with COPD. 10 This is the first nebulized LAMA approved by the FDA for the maintenance treatment of COPD. Specifically, the efficacy and safety of this nebulized GLY were evaluated in three randomized, parallel-group, multicenter Phase III studies: two replicate, 12-week, placebo-controlled studies (GOLDEN 3 [NCT02347761] and GOLDEN 4 [NCT02347774]), 11 and one 48-week, active-controlled, open-label study (GOLDEN 5 [NCT02276222] ). 12 Published findings from the placebo-controlled studies showed that nebulized GLY demonstrated statistically significant and clinically important improvements in lung function, improved patient-reported outcomes over 12 weeks, and was well tolerated. 11 The long-term, active-controlled safety study established that nebulized GLY was well tolerated, with no overall and cardiovascular (CV) safety signals, with improvements in FEV 1 and health status that persisted over 48 weeks. 12 All three Phase III GOLDEN studies were prospectively designed to include stratification of subjects using background LABA or LABA/ICS therapy throughout the treatment period. The patient populations were representative of the general COPD population and included subjects with very severe COPD (FEV 1 % predicted 30%), 1 as well as those with CV risk factors. Subgroup analyses were performed to assess the effect of background LABA therapy on nebulized GLY efficacy and safety outcomes.
Methods

study design and patients
The designs for the Phase III GOLDEN studies have been published previously (Figure 1) . 11, 12 Briefly, in the 12-week, multicenter, placebo-controlled, double-blind studies (GOLDEN 3 and GOLDEN 4), subjects (N=1,294) were randomized in a 1:1:1 ratio to receive placebo or GLY (25 or 50 µg BID), via the eFlow CS nebulizer. In the 48-week, multicenter, activecontrolled, open-label study (GOLDEN 5) , subjects (N=1,086) were randomized in a 4:3 ratio to receive GLY 50 µg BID delivered via eFlow CS nebulizer or tiotropium (TIO) 18 µg once daily (QD) delivered via the HandiHaler ® dry powder inhaler. Randomization in each of the studies was stratified by background LABA use (yes/no) and by CV risk (high/ low). Approximately 30% of subjects (limited by protocol) 
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Nebulized glycopyrrolate: efficacy and safety by background LABA use in GOLDEN 3 and GOLDEN 4, and ~40% in GOLDEN 5 continued background LABA use (with or without a concomitant ICS) during the treatment period. Nearly two-thirds of the study populations had pre-existing CV risk factors. Ipratropium bromide, as supplemental medication, and albuterol (salbutamol), as rescue medication, were permitted.
In all Phase III studies, key eligibility criteria included males or females aged 40 years, current or ex-smokers with 10 pack-year smoking history, a clinical diagnosis of moderate-to-very-severe COPD (as defined by the Global Initiative for Chronic Obstructive Lung Disease [GOLD] 2014 criteria), 1 and qualifying post-bronchodilator (ipratropium 68 µg) spirometry (FEV 1 80% of predicted normal, FEV 1 0.7 L, and FEV 1 /forced vital capacity ratio 0.70).
The GOLDEN 3 (SUN101-301: project approval number 28481) and GOLDEN 4 (SUN101-302: project approval number 28482) study protocols were approved by Quorum Review institutional review board (IRB) North American (US and Canadian) Board (Panel II), and GOLDEN 5 (SUN101-303: project approval number 28446) by Quorum Review IRB US Board (Panel IV), prior to patient enrollment and were conducted in accordance with the protocols, International Council for Harmonization Good Clinical Practice guidelines, and Declaration of Helsinki. All subjects provided written informed consent.
statistical analysis
All statistical procedures were performed using SAS ® v9.2 (SAS Institute Inc., Cary, NC, USA).
LABA subgroup analyses were pre-specified as secondary analyses. Reported P-values from hypothesis tests for differences between treatments within subgroups were not Notes: GOLDEN 3 and GOLDEN 4: Serial spirometry was performed on day 1 and at the end of the study and was only assessed in GOLDEN 3. GOLDEN 5: Serial spirometry was performed on day 1, at Weeks 12 and 24, and at the end of the study. a serious adverse events were monitored for 30 days after the last dose of study treatment. Abbreviations: BID, twice daily; CS, Closed System; GLY, glycopyrrolate inhalation solution; ICS, inhaled corticosteroid; LABA, long-acting beta 2 Twelve-week, placebo-controlled studies
Data from the replicate GOLDEN 3 and GOLDEN 4 studies were pooled for analysis. The primary pooled efficacy endpoint was change from baseline in trough FEV 1 at week 12.
Other pooled efficacy endpoints included change from baseline in health status measured by St George's Respiratory Questionnaire (SGRQ) 13 total score at week 12, SGRQ responder rate (a responder was defined as a subject with a 4.0 unit reduction in SGRQ total score), change from baseline in Evaluating Respiratory Symptoms in COPD (E-RS™; Evidera Inc., Bethesda, MD, USA) 14 total score, and incidence of exacerbations. A COPD exacerbation was defined as an increase in clinician-assessed COPD symptoms (eg, dyspnea, cough, sputum volume, or sputum purulence) during at least 2 consecutive days and was classified as mild (self-managed, with increased short-acting bronchodilator and/or ICS use), moderate (treated with antibiotics and/or systemic corticosteroids), or severe (requiring hospitalization). Any event occurring within 30 days of a prior event was considered a continuation of the index event.
FEV 1 was analyzed using a mixed model for repeated measures (MMRM), with change from baseline in trough FEV 1 as the response variable and including a factor for background LABA use. 11 Change from baseline SGRQ total score at week 12 was analyzed by analysis of covariance (ANCOVA) with change from baseline in SGRQ total score as the response variable and including a factor for background LABA use. E-RS total scores were recorded daily by subjects using an electronic diary and were analyzed using the same MMRM model as for FEV 1 , with baseline E-RS total score being included as a covariate. No adjustments were made for multiple treatment comparisons in the pooled data set or secondary analyses.
The intent-to-treat (ITT) and safety populations consisted of all subjects receiving 1 dose of study drug and, for efficacy, one post-dose pulmonary function assessment. Changes from baseline in the efficacy assessments were evaluated for all subjects who received double-blind study drug, regardless of their completion status. Subjects who discontinued the randomized treatment before week 12, but continued to be followed, were analyzed using retrieved dropout data (all collected data). Efficacy and safety analyses were performed using on-treatment and all collected data, and the analyses indicated that the endpoint results were similar in both data sets. 11 On-treatment data are presented.
Forty-eight-week, active-controlled study
Primary safety endpoints included discontinuations due to treatment-emergent adverse events (TEAEs), and other safety endpoints included incidence of major adverse CV events (MACE), including CV death, ischemia/infarction, and stroke. Efficacy endpoints included change from baseline at 48 weeks in trough FEV 1 , SGRQ total score, and E-RS total score and incidence of COPD exacerbations. An ANCOVA model and MMRM were used for the selected efficacy endpoints as per the 12-week studies.
12
Safety analyses were conducted using the safety population and efficacy analyses using the ITT population, both consisting of all subjects randomized to treatment who received 1 dose of study drug.
safety analyses
Safety data were analyzed using descriptive statistics. 11, 12 TEAEs were coded according to MedDRA Version 15.1 and summarized by treatment, system organ class, and preferred term. CV events of special interest were examined using Standardized MedDRA Query analysis and included cardiac arrhythmia, arrhythmia-related events, cardiac failure, ischemic heart disease, QT prolongation, and myocardial infarction (MI). Vital signs (including heart rate and blood pressure), 12-lead electrocardiogram (ECG), and clinical laboratory measures were also assessed. Holter monitoring was carried out at screening in all studies and at week 12 in a subpopulation of subjects (n=153) in GOLDEN 3.
Results
Patient characteristics
Overall, 2,379 randomized subjects in the three Phase III studies were stratified into subgroups based on background LABA use (LABA-yes: n=861 [36%]; LABA-no: n=1,518 [64%]). Of 1,293 randomized subjects who received study drug, a total of 1,111 (86%) completed the two 12-week placebo-controlled studies, and 838 (77%) of the randomized population of 1,086 subjects completed the 48-week active-controlled study. Completion rates were similar within treatment groups, irrespective of background LABA use (Tables S1 and S2) .
Key demographics and baseline characteristics for LABA subgroups are shown in Table 1 . Mean baseline postbronchodilator FEV 1 was numerically lower in LABA-yes subgroups, compared with LABA-no subgroups, across treatment groups. Average symptom (E-RS) scores were generally higher at baseline for LABA-yes vs LABA-no subgroups, with the exception of the GLY treatment group in 144 (48) 55 (41) 134 (45) 63 (47) 122 (41) 116 (43) 154 (44) 79 (41) 127 (46) Male 81 (61) 154 (52) 80 (59) 162 (55) 72 (53) 175 (59) 151 (57) 199 (56) 113 (59) 147 (54) Mean (sD) baseline postbronchodilator FeV (7) 15 (5) 11 (8) 18 (6) 16 (12) 19 (6) 28 (10) 9 (3) 15 (8) 11 (4) 30%-50% predicted 61 (46) 92 (31) 63 (47) 93 (31) 61 (45) 97 (33) 122 (46) 123 (35) 88 (46) 82 (30) 50% predicted 62 (47) 191 (64) 60 (44) 185 (63) 58 (43) 181 (61) 117 (44) 221 (63) 89 (46) 181 ( 48 (16) 40 (30) 44 (15) 30 (22) 43 (14) 62 (23) 57 (16) 38 (20) 50 (18) no 87 (66) 250 (84) 95 (70) 252 (85) 105 (78) 254 (86) 205 (77) 296 (84) 154 (80) 224 ( 
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Kerwin et al the 48-week study. Across all treatment groups, a higher proportion of LABA-yes subjects exhibited post-bronchodilator FEV 1 % predicted indicative of severe-to-very-severe COPD (severe airflow limitation: 50% predicted; very severe airflow limitation: 30% predicted) 1 compared with LABA-no subjects. The majority (84%-95%) of LABA-yes subjects also used ICS, indicating that this group had more severe disease compared with the LABA-no group. Long-acting bronchodilator use prior to study is summarized in Table S3 . The incidence of prior use of LABA/ICS aligns with the LABA-yes and ICS-yes data presented in Table 1 .
Efficacy
In the placebo-controlled studies, treatment with nebulized GLY led to significant improvements in LS mean placeboadjusted change from baseline in trough FEV 1 across LABAyes and LABA-no subjects at week 12 (25 µg BID: 0.101 L and 0.092 L; 50 µg BID: 0.110 L and 0.101 L, respectively; Figure 2A ). Both GLY doses showed highly statistically significant (P0.001) improvements of 0.090-0.104 L in FEV 1 compared to placebo at 12 weeks.
In both the LABA subgroups, overall improvements in mean trough FEV 1 were similar with GLY (LABA-yes: 0.106 L; LABA-no: 0.096 L) and TIO (LABA-yes: 0.092 L; LABA-no: 0.096 L) over 48 weeks ( Figure 2B) .
At week 12, there was a significant improvement in placebo-adjusted SGRQ total score mean change from baseline with GLY 25 and 50 µg BID in both LABA-yes (−2.957 and −3.888, respectively) and LABA-no (−3.301 and −2.073, respectively) subgroups in the pooled placebocontrolled studies. Nebulized GLY 50 µg BID treatment led to a mean change from baseline in SGRQ total score greater than the minimum clinically important difference (MCID; defined as a reduction of 4.0 units) in the LABA-yes subgroup, and the GLY 25 µg BID group led to a mean change greater than the MCID in the LABA-no subgroup ( Figure 3A) .
In the 48-week study, treatment with GLY or TIO reduced SGRQ total score from baseline in both the LABA subgroups (LABA-yes: −5.190 and −3.094; LABA-no: −4.368 and −4.821, respectively). Overall, there was no significant difference in SGRQ total score change from baseline between GLY and TIO ( Figure 3B) Figure 4A) .
At week 48, SGRQ responder rate was significantly higher for GLY (53.7%) vs TIO (41.1%) in LABA-yes subjects (OR: 1.842 [95% CI: 1.157, 2.932]). SGRQ responder rates were similar for GLY and TIO groups in LABA-no subjects ( Figure 4B ). 
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Nebulized GLY produced a reduction in average E-RS total score, regardless of background LABA use ( Figure 5 ). In the 12-week, placebo-controlled studies, GLY 25 µg BID led to a significant reduction in average E-RS total score from baseline vs placebo for LABA-no subjects (−1.165; P0.01; Figure 5A ). In the 48-week, active-controlled study, the differences in E-RS total score change from baseline for GLY and TIO were not significant. In the LABA-yes subgroup, 
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Kerwin et al GLY led to a larger reduction in E-RS total score compared with TIO, while in the LABA-no subgroup, subjects treated with TIO had a greater reduction in E-RS total score compared with GLY ( Figure 5B) .
Exacerbation rates were comparable with GLY and placebo and were numerically higher in the LABA-yes subgroup (placebo: 12.9%; GLY 25 µg: 12.6%; GLY 50 µg: 14.1%) compared with LABA-no (placebo: 8.7%; GLY 25 µg: 6.1%; GLY 50 µg: 7.7%) at 12 weeks.
Similarly, rates were comparable with GLY vs TIO at 48 weeks and were numerically higher in the LABA-yes subgroup (23.2% and 27.6%, respectively) compared with LABA-no (15.0% and 19.0%).
safety
In the 12-week studies, nebulized GLY 25 and 50 µg BID led to a lower incidence, vs placebo, of TEAEs (43.4%, 50.7%, and 52.3%, respectively), serious TEAEs (3.0%, 4.2%, and 5.6%), and TEAEs leading to discontinuation (5.1%, 3.9%, and 9.3%).
11 At week 48, the incidence of TEAEs (69.4% and 67.0%, respectively) and serious TEAEs (12.3% and 10.5%) were similar for subjects treated with GLY or TIO. However, treatment with GLY resulted in a higher incidence of TEAEs leading to discontinuation compared with TIO (10.0% vs 2.8%). 12 Evaluation of safety by LABA subgroups showed that the overall incidence of TEAEs was similar by treatment group, regardless of background LABA use. In the 12-week studies, TEAE incidence was numerically lower in the GLY 25 µg group compared with placebo and GLY 50 µg. Over 48 weeks, the incidence of TEAEs was similar between GLY and TIO ( Table 2) .
In all treatment groups, incidence of COPD worsening was numerically higher in LABA-yes subgroups. Incidence of all other TEAEs was similar across LABA subgroups.
Overall incidence of TEAEs leading to discontinuation was similar regardless of background LABA use and lower with GLY 25 and 50 µg BID (LABA-yes: 4.4% and 4.4%; LABA-no: 5.4% and 3.7%, respectively) vs placebo (LABAyes: 9.1%; LABA-no: 9.4%) in the 12-week, placebocontrolled studies (Table S4 ). All discontinuations due to pneumonia occurred in subjects on LABA (or LABA/ICS) in the placebo arm.
In the 48-week, active-controlled study, incidence of TEAEs leading to discontinuation was similar in the LABA subgroups and was higher with GLY (LABA-yes: 11.2%; LABA-no: 9.1%) vs TIO (LABA-yes: 2.6%; LABA-no: 2.9%) (Table S4) .
Across LABA subgroups, the most common TEAEs leading to discontinuation were cough, COPD worsening, and dyspnea.
In the 12-week studies, the overall incidence rate (IR) in MACE for GLY 50 µg (IR: 23.3 per 1,000 patient-years) was similar to placebo (IR: 16.4) ( Table 3) . 11 MACE occurred only among LABA-no subjects. In the 48-week study, the overall IR for GLY (IR: 6.4) was numerically lower than for TIO (IR: 20.3). 12 MACE occurred in subjects treated with TIO, irrespective of background LABA use. Furthermore, the 
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Across the Phase III GOLDEN studies, clinical laboratory results, vital signs, Holter monitoring (GOLDEN 3 only) and ECG parameters did not show any clinically relevant changes or trends, 11, 12 with similar results between LABA subgroups.
Discussion
Following recent updates to treatment paradigms, a better understanding of the effects of LAMA, LAMA/LABA and LAMA/LABA/ICS combinations on efficacy and safety outcomes of COPD therapies may help clinicians to make informed decisions when tailoring a patient's treatment. The Phase III GOLDEN studies were prospectively designed to include subjects on background LABA/ICS or LABA therapies and subjects with moderate-to-very severe COPD, in order to be representative of the general COPD population. Substantial improvements in FEV 1 were experienced in all GLY treatment groups, regardless of background LABA use. These analyses support patients using background LABA (potentially identified as a subgroup of patients 
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Kerwin et al with more severe COPD) in addition to nebulized LAMA, and the combination appeared to produce effects similar to those in LABA-no (ie, LAMA-only) patients with less severe COPD. Overall, in all three studies, SGRQ total score improvements were reported in LABA-yes and LABA-no subgroups.
Based on E-RS total scores, there was a general trend toward symptom reduction across all treatment groups at end of study. Although GLY 25 µg BID showed significant reduction in E-RS total score vs placebo in the LABA-no subgroup, no treatment group produced the two-unit reduction in mean score considered evidence of a response. 15 These changes in health status (SGRQ and E-RS total scores) showed improvements in breathlessness and shortness of breath and were directionally aligned with, and supported, the observed improvements in lung function. Importantly, the directionality of the collective symptom changes was consistent with the treatment goals of the GOLD Report. 1 The Phase III GOLDEN studies were conducted in a population that was not predominantly exacerbating, and the studies were not powered to analyze differences in exacerbation levels between subjects with and without background LABA use. Overall, in the 12 months prior to joining the studies, 20% of subjects experienced one or more exacerbation (Table 1) . During treatment, LABA-yes subgroups exhibited numerically higher exacerbation rates in all treatment groups at 12 and 48 weeks compared with LABA-no subgroups.
In the Phase III GOLDEN studies, there was no evidence that adding LAMA therapy to LABA ± ICS led to any additional safety signals. Overall incidence of TEAEs was similar across LABA subgroups in the 12-and 48-week studies and similar between GLY and TIO treatment groups over 48 weeks. In all studies, incidence of COPD worsening was numerically higher in the LABA-yes subgroup compared with LABA-no. This may be due to the higher proportion of subjects with severe-to-very-severe airflow limitation at baseline in LABA-yes subjects compared with LABA-no subjects.
Discontinuations due to TEAEs at 12 weeks were higher in placebo vs GLY, and there was no difference across LABA subgroups. The 2.3% incidence of cough in the placebo group in the 12-week studies suggests a drug-independent effect. In the 48-week, open-label study, discontinuations due to TEAEs were higher for GLY compared with TIO, and there was no difference across LABA subgroups. As previously reported, respiratory-related TEAEs, particularly cough, contributed to the difference in discontinuation rates, with many of the discontinuations occurring in the first 15 days of the study. The early discontinuations due to cough and/or dyspnea may have been due to BID administration of nebulized GLY, 90% of subjects being naïve to nebulizer therapy, and hydration of airway mucus and epithelium by the aerosol potentially altering airway lumen dimensions. In addition, prior use of TIO may have contributed to the perception and reporting of TEAEs, as ~30% of subjects were treated with TIO for 2 years prior to randomization. 12 Due to their individual mechanisms of action, LAMAs and LABAs can raise heart rate, which may lead to incidences of arrhythmia, MI, stroke, or sudden death in patients with underlying CV comorbidity. Thus, combination LAMA/LABA therapy may result in increased rate of CV AEs in subjects with COPD compared with each component alone. 16 Very few CV events of special interest occurred in the Phase III GOLDEN studies, and the incidence was similar between treatment groups in each study and across LABA subgroups. Treatment with nebulized GLY did not generate any new CV safety signals in the study populations, which were prospectively designed to include subjects with high CV risk.
The majority of subjects on background LABA therapy were also using ICS (range: 84%-95%), representing the subset of subjects more likely to have severe disease and airflow limitation, and with the addition of nebulized LAMA, these subjects were effectively using an open LAMA/ LABA/ICS triple therapy. Recent studies have demonstrated that triple therapy plays a role in the COPD therapeutic landscape, 9, 17, 18 and it is a recommended treatment option for patients who experience recurrent exacerbations or continuing symptoms despite current treatment with either LAMA/ LABA or LABA/ICS combination. 1 An important finding of this analysis is that there seems to be a treatment benefit with "free," "open-triple," or combination therapy in the population studied. The results from the Phase III GOLDEN studies, specifically improvements in lung function and health status, are in agreement with previously reported efficacy of triple therapies 9, [17] [18] [19] and add to the growing body of evidence regarding the potential role of triple therapy in the clinical management of COPD. We expect the place of triple LAMA/ LABA/ICS therapy within the treatment algorithm to be more clearly defined in future updates of the GOLD Report.
Nebulized GLY could be beneficial as initial bronchodilator maintenance therapy for COPD patients with low burden of symptoms and high exacerbation risk, or low exacerbation risk and high symptoms, or as additional therapy for those already receiving LABA or LABA/ICS. Abbreviations: BID, twice daily; CV, cardiovascular; GLY, glycopyrrolate inhalation solution; LABA, long-acting beta 2 -agonist; MI, myocardial infarction; QD, once daily; TIO, tiotropium.
